The eŠects of more than 300 kinds of food extracts on intestinal permeability were investigated in Caco-2 cells with the use of model compounds: Lucifer Yellow (LY) for the paracellular pathway, Fluorescein (FC) for the monocarboxylic acid transporter-mediated pathway, and Rhodamine 123 (RH) for the p-glycoproteinmediated eOEux pathway. With several extracts of increasing or decreasing LY permeation, increasing FC or RH permeation was also observed, indicating modulation by dietary substances in several pathways for intestinal absorption.
Recently dietary substances have been found to aŠect the intestinal absorption. Gymnemic acid and tea polyphenol inhibited the major glucose transport via a sodium-dependent glucose transporter, SGLT1.
1) An extract of sesame inhibited the taurine uptake via the taurine transporter, and the active substance was isolated as lysophosphatidylcholine. 2) Extracts of sweet pepper and a mushroom, Flammulina velutipes, also increased the paracellular permeability, and the active substances were capsianoside and a transepithelial electorical resistance (TER)-decreasing protein, respectively. 3, 4) It was also reported that capsaicin and piperine in hot spices in‰uenced the paracellular permeability, their eŠects being contrary to each other. 5) Fluorescein (FC) is a marker-dye customary applied to the evaluation of paracellular permeability, as well as Lucifer Yellow (LY). In previous studies, however, it had been demonstrated that FC is absorbed by the monocarboxylic acid transporter (MCT) of Caco-2 cells. 6, 7) FC would be a useful indicator for MCT-mediated permeation, investigating the structural speciˆcity of the dietary substrates for MCT like phenolic acids. 8) Rhodamine 123 (RH) is a hydrophobic ‰uorescent compound (log P＝ 1.13), and well studied as model substrate for pglycoprotein, which is a 170-kDa transmembrane ATP-dependent drug eOEux pump. 9) Therefore, RH would be absorbed via transcellular diŠusion owing to its hydrophobicity and hydrogen-bonding potentials, and then eOEuxed out from the basolateral to the apical side. 10) In this study, using three indicators for diŠerent absorption pathways; FC, LY, and RH, the eŠects of various food extracts on intestinal permeability in Caco-2 cell monolayers were examined.
Caco-2 cells obtained from the American Type Culture Collection (Rockville, MD) were cultured and passaged as described previously. 7) All the cells used in this study were between passages 53 and 75. The monolayers also were prepared as described previously, with TER being measured before and after an assay sample added to the insert.
More than 300 food materials as vegetables, fruits, seaweeds, mushrooms, teas, spices, and edible plants, were homogenized in 10 volumes of deionized water, and autoclaved at 1009 C for 20 min. The extracts were centrifuged at 5000×g for 15 min, ltered through NO. 2ˆlter paper, and then freezedried. The cells were grown in Transwell cell culture chambers, and 0.5 ml HBSS (pH 6.0) was used for the apical solution, and 1.5 ml HBSS (pH 7.4) for the basolateral solution, assuming the gastrointestinal tract in vivo. After the appropriate incubation, the samples were added to the apical side (5 mg W ml) together with each permeation indicator; FC (40 mg W ml), LY (400 mg W ml), or RH (100 mg W ml), and the ‰uorescent compound transported by the cells were estimated with a ‰uorescence spectrophotometer (Spectral Max Gemini, Molecular Devices Corp., CA) at the excitation wavelength of 490 (FC), 430 (LY), or 500 (RH) nm, and emission wavelength of 514 (FC), 535 (LY), or 540 (RH) nm. Results are expressed as the means±SD. Statistical analysis was done with Student's two-tailed t-test, and diŠerences with Pº0.01 were considered signiˆcant.
Extracts of galangal (Alpinia o‹cinarum), After the cells were incubated in HBSS (pH 6.0) containing a sample (5 mg W ml) for 60 min, the supernatant (containing released LDH) and cells suspended in 0.8 ml HBSS (pH 6.0) were sonicated, and the LDH activity of both solutions was measured with an LDH-Cytotoxic Test Kit (Wako Pure Chemicals). To measure respiratory activity, cell layers were incubated with a sample (5 mgW ml) in HBSS (pH 6.0) for 30 min, and then incubated in fresh HBSS (pH 6.0) containing Alamar Blue reagent (Biosource International) for 15 min at 379 C. The ‰uorescent change in the Alamar Blue solution during incubation was assessed from the ‰uorescence at excitation and emission wavelengths of 560 nm and 590 nm, respectively. * Signiˆcantly diŠerent ( Pº0.01) from the control study.
marigold (Tagetes erecta), Acer nikoense, and hops (Humulus lupulus ) increased LY permeation along with decreasing the TER of the cells. On the other hand, eŠects of extracts of linden (Tilia vulgaris ), star anise (Illicium anisatum), Arenga engleri, and black tea (Camellia sinensis ) were on the contrary (Fig. 1, Table 1 ). Extracts of black pepper (Piper nigrum) and black tea (Camellia sinensis ) facilitated FC permeations, and only the luŠa (LuŠa cylindrica) extract was expected to increase the RH permeation ( Table 1 ). All of the eŠects observed on the permeation of LY, FC, or RH were dose-dependent (0.5-5.0 mg W ml), indicating a certain substance in each extract would in‰uence the intestinal permeability responsible for each absorption pathway. It may be possible that the extract of black tea would in‰uence the permeabilities of both paracellular and MCTmediated pathways. It was obscure whether the luŠa extract would increase the transcellular diŠusion or inhibit the eOEux, further experiments investigating the permeation in basolateral-to-apical direction might be possible. Other food extracts examined in this study were not observed to have signiˆcant eŠects on the permeability of each indicator of intestinal absorption. The cytotoxicity of each extract was examined by a lactic acid dehydrogenase (LDH) assay; Cells were treated with sample solution (5 mgW ml), and the supernatant (containing released LDH) and the cells suspended in HBSS were sonicated, the LDH activity of both fractions was measured, and Alamar Blue assay to measure respiratory activity with also the ‰uorescent change of Alamar Blue reagent (Table 2) .
Quillaja saponin was the membrane-perturbing toxicant.
3) Except in the case of Illicium anisatum, the extracts mentioned did not have any signiˆcant cytotoxicities in both released lactate dehydrogenase (LDH) and respiratory activity, suggesting substances in those extracts would modulate the intestinal absorption of nutrient and other useful substances ingested, without exerting toxic in‰uences on gastrointestinal tracts.
Paracellular transport for intestinal absorption, is now thought to be more important than had previously been believed, because hydrophilic nutrients, such as oligopeptides or minerals, would be absorbed via this pathway. In theˆeld of biotherapeutics, an absorption increaser via the paracellular route, such as sodium caprate or chitosan derivatives, have been expected to be promising as a method to improve the oral bioavailability of medicines. 11, 12) Phenolic acids like ferulic acid, which are mainly absorbed by MCT, 13) have antioxidant properties and are expected to contribute to the maintenance of health and prevention of diseases through their regular consumptions.
Food-derived substances modulating the intestinal permeability shown here, would be promising for improving the bioavailability of functional substances ingested, and further study is in progress.
